We isolated a cDNA clone from the tumorigenic human fibroblast cell line HuT-14 that contains the entire protein coding region of tropomyosin isoform 3 (Tm3) and 781 base pairs of 5'-and 3'-untranslated sequences. Tm3, despite its apparent smaller molecular weight than Tml in two-dimensional gels, has the same peptide length as Tml (284 amino acids) and shares 83% homology with Tml. Tm3 cDNA hybridized to an abundant mRNA of 1.3 kilobases in fetal muscle and cardiac muscle, suggesting that Tm3 is related to an a,ttropomyosin. The first 188 amino acids of Tm3 are identical to those of rat or rabbit skeletal muscle a-tropomyosin, and the last 71 amino acids differ from those of rat smooth muscle a-tropomyosin by only 1 residue. Tm3 therefore appears to be encoded by the same gene that encodes the fast skeletal muscle a-tropomyosin and the smooth muscle ea-tropomyosin via an alternative RNA-splicing mechanism. In contrast to Tm4 and TmS, Tm3 has a small gene family, with, at best, only one pseudogene.
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Tropomyosins are a family of proteins that were first isolated from muscle (2) but which, like actin, are also abundant cytoskeletal proteins of nonmuscle cells (8) . In striated muscle, tropomyosin mediates the effect of calcium on the actin-myosin interaction through the binding of troponin to specific sites on the tropomyosin peptide (16, 35, 44, 49) . In nonmuscle cells tropomyosin is a major structural component of cytoskeletal microfilaments (32, 33) , but the function of tropomyosin with regard to contraction in these cells is not known. We and others have shown that human and rodent fibroblasts contain at least six isoforms of tropomyosin (10, 20) and that expression of these tropomyosins is modulated in neoplastic transformation (5, 10, 14, 15, 20, 26, 32) . In general, the rates of synthesis of the three higher-molecular-weight tropomyosin isoforms 1, 2, and 6 (Tml, Tm2, and Tm6, respectively) are greatly reduced. The rates of synthesis of the two lower-molecular-weight tropomyosin isoforms 4 and 5 (Tm4 and TmS, respectively) are less affected. Expression of Tm3 is of particular interest in that it is stimulated on the transformation of rat fibroblasts by human adenovirus (10, 32) and on the transformation of human fibroblasts by chemical mutagenesis to an immortalized nontumorigenic state (20) . Further transformation of these human fibroblasts to a fully tumorigenic state, however, leads to a reduction of the rate of synthesis of Tm3 (20, 22, 23) . To study the relationship of tropomyosins to neoplastic transformation, we attempted to isolate cDNA clones from the fully tumorigenic fibroblast cell line HuT-14. We present here evidence of the isolation of a nearly full-length Tm3 clone. We examined the expression of Tm3 in various cell types, compared its sequence with related Tm sequences, and determined its genomic pattern with regard to its family size and relationship with muscle-related tropomyosin genes.
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MATERIALS AND METHODS
Preparation of cellular RNA and DNA. Total cellular RNA was prepared by the guanidine hydrochloride method, as described previously (12) . Poly(A)+ RNA was prepared by oligo(dT)-cellulose chromatography (1) . Genomic DNA was prepared as described previously (18) . Muscle RNAs were kindly provided by L. Kedes and R. Wade.
Preparation of hybridization probes. Human skeletal muscle a-and P-tropomyosin cDNAs and human skeletal muscle ,-actin cDNA were kindly provided by P. Gunning. These cDNAs and cDNAs isolated in this study were labeled with 32P by the procedure described by Rigby et al. (39) and used as probes in the Northern and genomic analyses. Construction and screening of the cDNA library. By using the method described by Huynh et al. (17) , a XgtlO cDNA library was constructed from poly(A)+ RNA isolated from human fibroblast cell line HuT-14 (19) . A portion (20, (46) . Hybridization and washing of the nitrocellulose paper were the same as described above.
DNA sequencing. cDNA was subcloned into M13mp8 and M13mp9 (36) . Progressive deletion clones were prepared by the method described by Dale et al. (6) and sequenced by the method described by Sanger et al. (42) .
In vitro message selection. The purified cDNA fragment was bound to nitrocellulose paper essentially as described by Parnes et al. (37) , except that the DNA solution was not subjected to boiling and was added to nitrocellulose paper with the aid of a Minifold (Schleicher & Schuell, Inc., Keene, N.H.). Hybridization to mRNA and elution of hybridized mRNA were done as described by Maniatis et al. (31) , except that tRNA was not included in the hybridization solution or during the elution of mRNA. The eluted mRNA was precipitated in the presence of calf liver tRNA (15 pug/ml) in 70o ethanol. The mRNA was suspended in water and subjected to in vitro translation.
In vitro transcription. The entire cDNA insert was cloned into the EcoRI site of an in vitro transcription vector pSPT18 (purchased from Pharmacia Fine Chemicals, Piscataway, N.J.). In vitro transcription was carried out by the method described by Schenborn and Mierendorf (43) with T7 RNA polymerase. A small portion (1%) of the transcription product was subjected to in vitro translation.
In vitro translation and two-dimensional gel electrophoresis. All in vitro translation experiments were carried out in a rabbit reticulocyte system purchased from New England Nuclear Corp. (Boston, Mass.). The translated products were then electrophoresed in a two-dimensional polyacrylamide gel and visualized by autoradiography as described previously (20) .
Computer analysis. DNA and protein sequences were analyzed with Bionet programs (IntelliGenetics, Inc., Palo Alto, Calif.).
RESULTS
Identification of tropomyosin cDNA clones. By using a human skeletal muscle ax-tropomyosin-coding probe, 504-HA (a HindIII-AvaI fragment from codon 65 to nucleotide 45 of 3'-untranslated region [29] ) we initially obtained 10 positive clones from our HuT-14 cDNA library. After further purification and Northern analysis, six clones were found to have tropomyosin cDNA inserts. Four of them were found to be Tm4 (TM30p, [30] ) clones by sequencing. The remaining two clones (T7 and T8) hybridized predominantly to a previously unidentified 2-kilobase (kb) mRNA in Northern analysis with RNA isolated from diploid human fibroblast KD cells and tumorigenic human fibroblast HuT-14 cells (Fig. 1A and B) . Probe 504-HA also detected this mRNA (weakly), as well as mRNAs of 1.1, 2.5, and 3 kb (Fig. 1C ) that are known to code for Tml, TmS, and Tm4, respectively (28, 29, 30) . A human skeletal muscle ,-tropomyosin-coding probe, 417-2 (an NcoI-ClaI fragment from codons 1 to 252 [28] ), detected the same mRNAs, except for the 2.5-kb mRNA (Fig. 1D ). T7 and T8 also detected Tml and Tm4 mRNAs and a 4-kb mRNA which possibly encodes Tm2. The consistently weaker hybridization signal for Tml mRNA in HuT-14 cells than in KD cells agrees with previous observations by us and others (20, 28) that expression of Tml is reduced following neoplastic transformation. At first we did not understand what the small mRNA (0.6 kb) was that was specifically detected by T7. Only after we sequenced T7 and compared its sequence with the data base of the National Institutes of Health (Bethesda, Md.) did we realize that T7 is a fusion clone between tropomyosin and ubiquitin (27) . We have used the ubiquitin portion of T7 as a probe in other Northern analyses and found it indeed detected the 0.6-kb mRNA and not any of the tropomyosin mRNA (data not shown).
Sequence of a novel fibroblast tropomyosin cDNA. The 2-kb mRNA that was detected by our cDNA clones T7 and T8 has not been reported before. We determined the nucleotide sequence of both clones. Clone T7 is 1,579 base pairs (bp) long, 389 bp of which are the ubiquitin sequence and the remaining 1,190 bp of which are the tropomyosin sequence. Clone T8 is 1,633 bp long and contains 286 bp of the 5'-untranslated sequence, 852 bp that encode a tropomyosin sequence, and 495 bp of 3'-untranslated sequence (Fig. 2) . The tropomyosin portion of T7 is identical to T8, including the 3' end. The fact that two independently isolated clones have identical 3' ends suggests the existence of an EcoRI site in the original cDNA prior to EcoRI digestion during the construction of the cDNA library. This possible EcoRI site also explains the lack of a polyadenylation signal sequence in the cloned cDNA. The coding sequence of T8 shares 77% homology with that of Tml, and their deduced amino acid sequences are 83% homologous (Fig. 2) . The dissimilar amino acids, however, occur randomly. Therefore, it is unlikely that the cDNAs of T8 and Tml are derived from mRNAs that are encoded by the same gene via alternative RNA splicing.
Tm3 is the translational product of the 2-kb mRNA. To reveal which tropomyosin isoform the 2-kb mRNA encodes, in vitro message selection-translation experiments were carried out. In these experiments, the entire cDNA insert isolated from clone T8 was used to select for specific mRNAs among mRNAs isolated from either KD or HuT-14 cells. These specific mRNAs were then translated in vitro, and their products were visualized in two-dimensional gels. When KD mRNAs were used in the selection, all four large Tm isoforms (Tml, Tm2, Tm3, and Tm6) were selected, with Tm2 and Tm3 being better selected than Tml and Tm6 ( 
on July 7, 2017 by guest http://mcb.asm.org/ Downloaded from 3). When HuT-14 mRNAs were used, only Tml and Tm3 were selected, with Tm3 being better selected than Tml. These results indicate that our T8 cDNA most likely encodes either Tm2 or Tm3 and that these two isoforms are highly homologous to each other.
Since in the in vitro message selection-translation experiments we were unable to distinguish between Tm2 and Tm3, we decided to use instead the in vitro transcription-translation technique, which has been used successfully in the identification of the cDNA that encodes Tm4 (30) . By this technique, a single species of RNA was transcribed from the T8 cDNA; this RNA in turn was translated into a major protein corresponding to Tm3 (Fig. 4) . Two minor protein spots that formed a straight line with Tm3 in the twodimensional gel did not correspond to any cellular protein and were possibly conformational isoforms of Tm3. From results of both the message selection-translation and the transcription-translation experiments, we conclude that the 2-kb mRNA encodes the Tm3 isoform.
Modulation of Tm3 accompanying neoplastic transformation. We have observed previously (20) that synthesis of Tm3 is elevated in the transformed human fibroblast HuT-12 and is reduced in the further transformed fibroblast HuT-14 when compared with the untransformed diploid parent fibro- blast KD. The two-dimensional gels in Fig. 3 show that the reduction of Tml, Tm2, Tm3, and Tm6 synthesis in HuT-14 cells is reproducible in the cell-free translation of purified mRNAs, strongly suggesting a transcriptional control in the modulation of Tm synthesis. We compared Tm3 mRNA synthesis among these three cell lines in a Northern analysis. Tm3 mRNA appeared to be synthesized at equal rates in these three cell lines (Fig. 5A) . We do not know whether this is an indication that Northern analysis is less sensitive than two-dimensional gel analysis or whether there is indeed a translational control in the modulation of Tm3 synthesis.
Tm3-related mRNA is expressed abundantly in fetal and cardiac muscles. It is known that Tml and Tm5 have counterparts in muscle tissues (13, 28, 29, 38) . We therefore examined whether the Tm3 counterpart exists in muscle. The Tm3 cDNA probe strongly detected a 1.3-kb mRNA in fetal, adult leg, and cardiac muscle tissues (Fig. 5B) . A same-sized mRNA has been shown to encode skeletal and cardiac muscle a-tropomyosin (38, 41) . Skeletal muscle a-tropomyosin exists in two forms, afast and aslow, in fast muscle and slo-w muscle, respectively (R. Wade and L. Kedes, personal communication). The fast-form mRNA is induced early in development, whereas the slow-form mRNA is expressed more abundantly. in adult muscle. Our results indicate that the Tm3-related mRNA is more abundantly expressed in fetal skeletal muscle than in adult skeletal muscle; therefore, Tm3 has a counterpart of afasttropomyosin in muscle.
Tm3 is not expressed in lymphocytes. We have observed in two-dimensional gels that human lymphocytes express only Tm4 and Tm5 (unpublished data). The isolation of Tm3 cDNA enabled us to examine the expression of tropomyosin mRNAs in these cells. A probe derived from the cDNA of clone T7 hybridized strongly with the Tm3 and the ubiquitin mRNAs and weakly with the Tml, Tm4, and the 4-kb mRNAs in three fibroblast cell lines (Fig. SC) , just as it did earlier (Fig. 1B) 
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Comparison of amino acid sequences among Tm3 and other tropomyosins. Rat skeletal muscle a-tropomyosin (Ska) and smooth muscle a-tropomyosin (Sma) sequences are from previously published data (40) . Tml sequence is also from previously published data 28. Human skeletal muscle a-tropomyosin (29) has 285 amino acids; its first amino acid is positioned as 0 instead of 1 in this comparison. An amino acid identical to that of Tm3 is indicated by a dash.
absent from the lymphocytes. This result not on' further confirms the identity of our Tm3 clones but also demonstrates for the first time that lymphocytes do not express Tm3 mRNA (or Tml RNA) at a detectable level.
Tm3 is closely related to muscle a-tropomyosin. The existence of Tm3-related mRNAs in muscle tissues suggests that Tm3 may share a common gene with its muscle counterpart, as is the case for Tml and Tm5 (13, 28, 29) . It is possible to recognize such arrangements by comparing the sequences between muscle and nonmuscle forms (28, 29, 41) . Tm3 was entirely identical to rabbit or rat skeletal muscle a-tropomyosin (40, 41, 45, 47) from amino acids 1 to 188 (Fig. 6) . In DELVSIQKKLKGTEDELDKYSEALKOAQt;KijE-F-A KKATIJ VOL. 8, 1988 Vmq this same stretch of sequence, the homology between Tm3 and human skeletal muscle a-tropomyosin (29, 38) is less (a difference of 18 amino acids), adding another piece of evidence that this human skeletal muscle tropomyosin is most likely the slow form, whereas the rabbit and rat sequences belong to the fast form. From amino acids 189 to 213, Tm3 differs from other tropomyosins considerably, although the sequences for muscle are identical or nearly identical to each other. From amino acid 214 to the end of the sequence, Tm3 still differs from the skeletal muscle sequences considerably but is entirely identical to the smooth muscle sequence, except for one residue at amino acid 220. At amino acid 220 all tropomyosins that we compared had a lysine; Tm3 was the only one that had an arginine. By assuming that this difference was due to mutation (see below), it becomes apparent that Tm3 shares with the fast skeletal muscle and smooth muscle a-tropomyosins a common gene which has an exon (encoding amino acids 189 to 213) that is specifically expressed in fibroblasts.
Tm3 and smooth muscle a-tropomyosin have homologous V'-untranslated sequences. The 3'-untranslated sequence of skeletal muscle P-tropomyosin is conserved between rats and humans, suggesting that there is a functional role for the 3'-untranslated sequence (13) . We found that the 3'-untranslated sequences of human Tm3, rat smooth muscle atropomyosin, and quail smooth muscle a-tropomyosin are homologous to each other ( Fig. 7 ; quail sequence not shown). It has been shown that the last 27 codons and the 3'-untranslated sequence of rat smooth muscle a-tropomyosin are contained in the last exon of the rat gene (40) . Since Tm3 is homologous to rat smooth muscle a-tropomyosin in the last 27 codons and in the 3'-untranslated sequences, it appears that Tm3 and smooth muscle a tropomyosin share this last exon.
Tm3 genonmic sequences are limited and are different from the Tm4 and Tm5 gene families. Rat skeletal muscle and smooth muscle a-tropomyosins are encoded by the same gene (39) . Our Northern analysis (Fig. 5B ) and sequence comparisons presented above suggest that this same gene also encodes Tm3 and that this gene is different from the gene that encodes the reported human skeletal muscle atropomyosin (29, 38) . To further confirm this, we compared the genomic hybridization patterns by using Tm3 cDNA and 504-HA (cDNA of human skeletal muscle oa-tropomyosin) as probes. These two probes detected very different sets of sequences ( Fig. 8A and B) , confirming that Tm3 and slow skeletal muscle a-tropomyosin are encoded by different genes.
Results of this genomic sequence analysis also show that Tm3 has a limited number of gene sequences, in contrast to Tm4 and TmS, which have many pseudogenes in their gene families (29, 30) . Some of the sequences detected by the T8-coding probe were probably not true Tm3 gene sequences, since cross-hybridization among different tropomyosin nucleotide sequences is to be expected. To determine the actual number of Tm3 gene sequences, we used a 3'-untranslated sequence probe (Fig. 2) , which is specific for Tm3 mRNA in Northern analyses (data not shown), to reexamine the genomic pattern. This probe detected two sequences in each of the genomic DNAs that were digested with three different enzymes (Fig. 8C) . This result suggests that there are only two Tm3 loci in the genome; one of them could be a pseudogene, as is the case for Tml in the rat genome (13 (20) . We observed no difference in the amount of Tm3 and Tm2 (or Tm6) mRNAs between transformed and untransformed cells ( Fig. 1 and 5A ), however, although these three isoforms are, like Tml, less abundant in HuT-14 than in KD cells (20) . This observation initially led us to believe that the modulation of Tm3 and Tm2 (or Tm6) expression is at the translational rather than the transcriptional level. Results of our later experiments showed, however, that modulation of tropomyosin isoforms is entirely reproducible in the cell-free translation of mRNAs isolated from HuT-14 and KD cells (Fig. 3A and C It has been shown previously (15, 25, 32, 48) that each tropomyosin isoform is encoded by a separate mRNA. Each mRNA could be encoded by a separate gene, or some of the mRNAs may be encoded by a single gene via alternative RNA processing. Tml, Tm4, and TmS are now known to be encoded by three different genes (28, 29, 30) . 0 -results show that Tm3 is encoded by yet another gene. The Tml and Tm5 genes also encode the muscle ,B-and a-tropomyosins, respectively (13, 28, 29) . We found that skeletal and cardiac muscles express Tm3-related mRNAs and that, except for one region between amino acids 189 and 220, the Tm3 sequence is identical to skeletal muscle a-tropomyosin at the amino terminus and to the smooth muscle a-tropomyosin at the carboxy terminus. It is known that these two muscle isoforms are encoded by the same gene and that their amino acids 189 to 213 are encoded from one exon (40) . In fact, the Tm3-specific sequence could be reduced to a region between amino acids 189 and 212 if the difference at amino acid 220 had not existed. At amino acid 220, all tropomyosins that we compared had a lysine; Tm3 was the only tropomyosin that had an arginine. Since our Tm3 clone was isolated from a mutagenized cell which has already been shown to have a mutated ,-actin gene (18, 24) , we consider mutation (from AAA to AGA) to be a possible explanation for this unusual amino acid at amino acid 220 of Tm3. If this is the case, then it becomes apparent that Tm3 mRNA is likely generated via alternative RNA splicing of the same transcript that produces skeletal and smooth muscle a-tropomyosins. This view is further supported by our finding that Tm3 and smooth muscle a-tropomyosin cDNAs are homologous in the 3'-untranslated sequence. When we searched the two introns that flank the exon encoding amino acids 189 to 213 in the rat gene, however, we failed to identify a sequence that might encode the Tm3-specific sequence. Whether such a sequence exists in the corresponding human gene or whether Tm3 has its own gene requires further investigation.
